The Werner syndrome protein (WRN) is a member of the RecQ helicase family. Loss of WRN results in a human disease, the Werner syndrome (WS), characterized by high genomic instability, elevated cancer risk and premature aging. WRN is crucial for the recovery of stalled replication forks and possesses both helicase and exonuclease enzymatic activities of uncertain biological significance. Previous work revealed that WRN promotes formation of MUS81-dependent double strand breaks (DSBs) at HU-induced stalled forks, allowing replication restart at the expense of chromosome stability. Here, using cells expressing the helicase-or exonuclease-dead WRN mutant, we show that both activities of WRN are required to prevent MUS81-dependent breakage after HU-induced replication arrest. Moreover, we provide evidence that, in WS cells, DSBs generated by MUS81 do not require RAD51 activity for their formation. Surprisingly, when replication is specifically perturbed at common fragile sites (CFS) by aphidicolin, WRN limits accumulation of ssDNA gaps and no MUS81-dependent DSBs are detected. However, in both cases, RAD51 is essential to ensure viability of WS cells, although by different mechanisms. Thus, the role of WRN in response to perturbation of replication along CFS is functionally distinct from that carried out at stalled forks genome wide. Our results contribute to unveil two different mechanisms used by the cell to overcome the absence of WRN.
Introduction
Werner syndrome (WS) is a rare human genetic disorder caused by loss of the RecQ helicase Werner syndrome protein (WRN). WS is especially notable for a high incidence of uncommon cancers and accelerated development of a number of age-related symptoms [1] [2] [3] [4] [5] . Fibroblasts derived from WS patients typically exhibit large chromosomal rearrangements and deletions in many genes [6, 7] . Although the high genomic instability observed in WRN-deficient cells is considered an important determinant of WS pathogenesis, its origin is not fully appreciated [1, 8, 9] . WRN-deficient cells show hypersensitivity to several agents causing replication fork stalling or collapse, such as DNA topoisomerase inhibitors, hydroxyurea, DNA interstrand cross-linkers and the inhibitor of DNA polymerases aphidicolin [10] [11] [12] [13] [14] . Replication fork stalling is a frequent event occurring during cell proliferation, which poses a serious impediment to completion of DNA synthesis, and is thought to be a major source of genomic instability. Based on in vitro substrate preference, WRN is thought to reset reversed forks and other replication intermediates that occur after fork stalling to facilitate replication restart [15] . WRN has been also implicated in the resolution of recombination intermediates arising after RAD51-dependent strand invasion [16] . Moreover, our recent study demonstrated that WRN promotes replication fork recovery by ATR-and ATM-mediated phosphorylation events, which modulates its function at defined steps of the response to replication fork arrest and prevents double-strand break (DSB) formation [17] . In vitro studies showed that the coordinated action of WRN 3'-5' helicase and 3'-5' exonuclease activities is essential to resolve forked duplexes resembling DNA structures arising during replication, recombination and repair [18, 19] . In contrast to the requirement for both WRN catalytic activities in recombination [20] [21] [22] , a single helicase or exonuclease activity is sufficient to protect cells against toxic insults [22] . Other studies indicated that WRN helicase activity avoids telomere dysfunction and common fragile site instability [13, 23, 24] .
In our earlier work, we provided evidence that WRN is required to avoid DSBs accumulation and fork collapse after HU-induced replication stress, and that activation of a MUS81-dependent pathway is crucial for a safe recovery of WRN-deficient cells [25] . The requirement for both MUS81 and WRN functions is maintained also in response to oncogene-induced replication stress [26] . Moreover, following oncogene overexpression, the stability of CFS is affected by loss of WRN and the induction of chromosomal damage is related to MUS81 activity [26] .
MUS81 is a DNA structure-specific endonuclease, which forms a stable heterodimeric complex with EME1. Although the exact nature of the substrates processed in vivo by MUS81 endonuclease is not yet fully clarified, in vitro studies suggest that the human MUS81-EME1 complex preferentially cleaves several aberrant replication fork structures, 3'-flaps and nicked Holliday junctions (HJ). These data suggest a role for the complex in stalled fork resolution and DNA repair through homologous recombination (HR). In yeasts, mutations of the RecQ helicase and MUS81 are synthetic lethal and lethality is rescued by introduction of a bacterial resolvase, suggesting that these proteins may act on a common intermediate arising at stalled forks [27] [28] [29] . Such genetic interaction is maintained in humans, and our previous findings support the hypothesis that WRN and MUS81 share common substrates, and that WRN might disrupt abnormal replication intermediates to prevent their processing by MUS81, thus facilitating a safer restart of DNA synthesis [25] . However, how each WRN biochemical activity contributes to this function, and whether both are essential to counteract formation of MUS81-dependent DSBs during recovery of stalled replication forks is unknown. Moreover, it is not fully appreciated whether RAD51-dependent HR is required for the conversion of potentially dangerous replication-associated DNA structures into intermediates processed by the MUS81-endonuclease activity. Finally, it is not known whether a MUS81-dependent pathway plays a role in response to replication fork stalling occurring during DNA replication of defined regions of the genome, that is, the common fragile sites (CFS). In this study, we provide evidence that, in the absence of WRN, replication perturbation triggers distinct cellular responses when induced genome wide or at CFS.
Materials and methods

Cell cultures
The SV40-transformed WS fibroblast cell line (AG11395) was obtained from Coriell Cell Repositories (Camden, NJ, USA). WRN mutation in AG11395 cells (c.1336C>T) is located in exon 9 of the WRN gene resulting in an amino acid change at codon 369 from arginine to a stop codon (p.Arg369Stop) that gives rise to a truncated protein as described [30] . AG11395 fibroblasts retrovirally transduced with full-length cDNA encoding wild-type WRN (WSWRN) or missense-mutant forms of WRN with inactive exonuclease (WRN-E84A) or helicase (WRN-K577M) were described previously [13] .
All the cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) supplemented with 10% FBS (Boehringer Mannheim) and incubated at 37°C in a humidified 5% CO 2 atmosphere.
RNA interference and transfection
MUS81 and RAD51 expression were knocked down by transfection with SMARTpool siRNAs (Dharmacon) directed against proteins of interest at the final concentration of 10 nM. Transfection was performed using a HiPerFect reagent kit (QIAGEN) according to the manufacturer's instructions. As a control, a siRNA duplex directed against GFP was used.
For impairment of RAD51 function, an expression plasmid bearing a mutant dominant-negative form of the RAD51 cDNA (SMRAD51, kindly provided by Dr. Bernard Lopez, CNRS-CEA, Fontenay aux Roses, France) was used. Transfection was performed using a DreamFect reagent kit (OZ Biosciences) according to the manufacturer's instructions.
Western blotting
Cells were washed with PBS and lysed in standard as reported [25] . Antibodies used for western blotting were commercially obtained for MUS81 (AbCam), RAD51 (Oncogene Research), PCNA (Santa Cruz Biotechnology) and β-tubulin (Sigma-Aldrich). Horseradish peroxidase-conjugated goat specie-specific secondary antibodies (Santa Cruz Biotechnology) were used.
Comet assay
The occurrence of DNA double-strand breaks was evaluated by neutral Comet assay as described [31] . DNA breakage induction was examined by alkaline Comet assay (single-cell gel electrophoresis) in denaturing conditions as described [12] . Cell DNA was stained with ethidium bromide (Sigma Aldrich) and examined at 40× magnification with an Olympus fluorescence microscope. Slides were analyzed by a computerized image analysis system (Comet IV, Perceptive UK). To assess the amount of DNA damage, computer-generated tail moment values (tail length × fraction of total DNA in the tail) were used. A minimum of 200 cells was analyzed for each experimental point. Apoptotic cells (smaller comet head and extremely larger comet tail) were excluded from the analysis to avoid artificial enhancement of the tail moment.
LIVE/DEAD staining
Cell viability was evaluated by Propidium iodide (Sigma-Aldrich) dye exclusion using the LIVE/DEAD assay. Briefly, WS cells, WS cells stably expressing wild-type WRN (WSWRN) or missense-mutant forms of WRN with inactive exonuclease (WRN-E84A) or helicase (WRN-K577M) activity, were transfected with siRNAs directed against GFP (control), MUS81 or RAD51, treated with 2 mM HU for 16 h. Next, cells were incubated in DMEM medium containing Calcein AM (Green) and Propidium iodide (Red) at RT for 30 min. Cells were then fixed in 4% paraformaldehyde and analyzed with a microscope (Leica) equipped with a charge-coupled device camera (Photometrics). Images were acquired as greyscale files using the Methaview software (MDS Analytical Technologies) and then processed using Photoshop (Adobe). Nuclei stained by Propidium iodide, which appeared red, were counted as dead cells. Cell number was counted in randomly chosen fields and expressed as percent of dead cells (number of red nuclear stained cells/total cell number). For each time point, at least 200 cells were counted.
Cell death analysis
Cell death was evaluated by counting cells using the trypan blue exclusion method as previously reported [13] .
Immunofluorescence SV40-transformed human fibroblasts were grown on 22 × 22 mm glass coverslips and after appropriate treatment were harvested at the indicated time and processed for immunofluorescence.
For immunostaining of WRN, before fixing, cells were subjected to in situ fractionation as described [25] . Staining with mouse monoclonal anti-γ-H2AX (Alexis Biochemicals), rabbit polyclonal anti-WRN (Novus BioLabs) and rabbit polyclonal anti-RAD51 (Calbiochem) were performed for 2 h at RT in 1% BSA/PBS. Specie-specific Texas Red-conjugated secondary antibodies (Jackson Immunoresearch) were applied for 1 h at RT, followed by counterstaining with 0.5 µg/ml DAPI in DABCO. For each time point, at least 200 nuclei were examined by two independent investigators and foci were scored at 60×. Only nuclei showing more than five bright foci were counted as positive. Parallel samples incubated with either the appropriate normal serum or only with the secondary antibody confirmed that the observed fluorescence pattern was not attributable to artifacts. Coverslips were analyzed through a microscope (Leica) equipped with a charge-coupled device camera (Photometrics). Images were acquired as greyscale files using the Methaview software (MDS Analytical Technologies) and then processed using Photoshop (Adobe).
Fragile site induction and slide preparation
Fragile sites were induced treating cells with 0.05 or 0.4 μM aphidicolin (Sigma Aldrich). Cell cultures were incubated with colcemid (0.2 µg/ml) at 37°C for 3 h until harvesting. Cells for metaphase preparations were collected and prepared as previously reported [13] . For each condition of treatment, the number of breaks and gaps was observed on Giemsa-stained metaphases.
Fluorescence in situ hybridization
Bacterial artificial chromosomes (BACs) mapping to fragile site regions (kindly provided by Dr. Daniela Toniolo Dibit-HSR, Milano, Italy and Dr. Mariano Rocchi University of Bari, Italy) were used as probes for FISH analyses. BAC36B6 (RP-11) was used for FRA7H and BAC264L1 (RP-11) for FRA16D. FISH was performed as previously reported [13] . Hybridized metaphases were analyzed through a microscope (Leica) equipped with a charge-coupled device camera (Photometrics). Images were acquired as greyscale files using the Methaview software (MDS Analytical Technologies) and then processed using Photoshop (Adobe). For each time point, at least 100 chromosomes were examined by two independent investigators and chromosomal damage scored at 100×.
Statistical analysis
All the reported data are presented as means of at least three independent experiments. Statistical comparisons of WS cells to their relevant control were analyzed by student's t test. P < 0.05 was considered significant.
Results
Exonuclease and helicase activities of WRN are required to prevent MUS81-dependent DSB formation on replication fork stalling.
To investigate whether both WRN enzymatic activities are needed in preventing induction of DSBs at HU-stalled forks, we expressed in WS cells wild-type (WSWRN) or missense-mutant forms of the WRN protein, which are known to inactivate WRN exonuclease (WRN-E84A) or helicase (WRN-K577M) activity [13] . Neutral comet assay was used to evaluate the formation of DSBs and its dependency on MUS81. We transfected cells with siRNAs directed against MUS81 and the reduction of the protein level was verified by western blotting (Figure1A). Forty-eight hours after transfection, cells were treated with 2 mM HU for 6 h, a condition sufficient to induce DSBs accumulation in WS but not in WSWRN cells [25] Since both WRN activities are needed for counteracting the formation of DSBs at stalled forks, we then tested their role, as well as that of MUS81, in modulating sensitivity to HU. To this aim, we evaluated the percentage of cell death induced by a 16 h exposure to 2mM HU in WSWRN, WS and WRN-mutant cells in the presence or absence of MUS81. WS cells were hypersensitive to HU treatment and expression of wild-type WRN reverted this phenotype ( Figure 1C ). Similar to WRN deficiency, expression of exonuclease or helicase mutant resulted in increased cell death, although in WRN-K577M, the level appears to be slightly higher than that of WS cells ( Figure 1C) . Interestingly, MUS81 depletion in WS cells, as well as in cells expressing each single missense-mutant WRN, almost doubled the percentage of cell death ( Figure 1C) .
Altogether, these results suggest that both the enzymatic activities of WRN are required to prevent unscheduled MUS81-dependent formation of DSBs after replication stress and underscore the relevance of the MUS81-mediated pathway when the WRN function is lost.
RAD51 is not needed for the formation of MUS81-dependent DSBs in WRN-deficient cells
To ascertain whether in mammalian cells MUS81 acts on HR substrates, as seen in yeast [32] , we verified the possibility that impairment of RAD51 function in WS cells resulted in suppression of DSB formation using anti-phospho-H2AX (γ-H2AX) immunofluorescence or neutral comet assay [25, 33] . To test this hypothesis, we affected RAD51 function by transfecting WSWRN or WS cells with siRNAs against RAD51 or a plasmid expressing a nonlethal dominant-negative form of the protein (SMRAD51). Comparable transfection efficiency was obtained in wild-type and WS cells using siRNAs or the SMRAD51-expressing plasmid (Figure 2A did not suppress these DSBs ( Figure 2B ). To confirm this result, neutral comet assays were performed. We found that loss of RAD51 function determined a slight increase of DSBs in WSWRN cells, but did not modify the yield of breakage in WS cells (Figure 2C ), or in missensemutants WRN cells (WRN-E84A or WRN-K577M; unpublished data).
These observations indicate that RAD51 is not required for DSB formation in WRN-deficient cells after HU-induced replication arrest, suggesting that the substrates of the MUS81 endonuclease activity are unlikely to be RAD51-mediated intermediates.
Since loss of RAD51 function in WRN-deficient or mutant cells does not affect DSB formation following HU treatment, we next investigated the functional relationship between WRN and RAD51. It is well recognized that, in response to DNA damage or replication fork stalling, WRN leaves the nucleolus and redistributes to nuclear foci [34] . Thus, we analyzed whether WRN subnuclear dynamic was affected by the absence of RAD51. To this aim, WSWRN cells, in which RAD51 function was affected by either RNAi or SMRAD51-expressing plasmid, were treated for different time periods with HU and WRN relocalization in nuclear foci was examined by immunofluorescence. HU treatment induced a time-dependent accumulation of WRN in nuclear foci in WSWRN cells ( Figure 2D ), which was unaffected by RAD51 loss ( Figure 2D ).
These results indicate that WRN assembly in nuclear foci after HU treatment is not influenced by the presence of RAD51. Furthermore, as RAD51 foci form normally in WRN-deficient cells [12] , our findings suggest that WRN activation following replication fork stalling is neither upstream nor downstream of RAD51, but rather it is unrelated to RAD51 function.
Since WRN and RAD51 seem to act in parallel pathways, the effect of RAD51 depletion on cell viability was also evaluated. WSWRN, WRN-mutant (WRN-E84A or WRN-K577M ) cells, in which RAD51 was downregulated using RNAi, were treated with 2 mM HU for 16 h and subjected to a viability assay. Western blotting indicates that a comparable reduction of RAD51 protein level was achieved in all the cell lines ( Figure 3A) . Expression of missense-mutant forms of WRN led to a two-fold increase in cell death after HU treatment in comparison to WSWRN cells ( Figure 3B ). Interestingly, depletion of RAD51 function, following replication arrest, resulted in an overt reduction of cell viability in both the WRN-K577M and WRN-E84A cells when compared to WS cells ( Figure 3B ). Moreover, a slight decrease of cell survival was detected in WRN-deficient or mutant cells even under unperturbed cell growth condition ( Figure 3B ).
WS and
These findings indicate that the absence of either WRN enzymatic activity affects dramatically the recovery from fork stalling and makes cells completely dependent on RAD51 for cell survival.
Loss of RAD51 function sensitizes WS cells to replication arrest induced at common fragile sites
Common fragile sites (CFS) are genomic regions where replication forks frequently stall. Their remarkable instability described in WS cells [13] , suggests that WRN is specifically required to deal with perturbation of replication forks occurring at these loci.
To test the role of RAD51 in fragile site induction, WSWRN or WS cells expressing a mutant dominant-negative form of the RAD51 cDNA (SMRAD51), were treated with different concentrations of aphidicolin (Aph) and, 24 h later, metaphases chromosome were collected and scored for total gaps and breaks ( Figure 4A ). Transfection of SMRAD51-expressing plasmid in WSWRN cells determined a slight increase in the average number of breaks both in unperturbed and Aph-treated samples ( Figure 4A) . In WS cells, on the contrary, a significantly increased level of chromosomal damage was observed only in untreated, which was slightly decreased after Aph exposure ( Figure 4A ). Fragile site induction was observed in WSWRN cells after impairment of RAD51 function with or without treatment both at FRA7H and FRA16D ( Figure 4B ). In contrast, in WS cells, we found a slight but significant increase of fragile site expression in the absence of treatment and at the lower dose of Aph ( Figure 4B ). The apparent inconsistent result obtained in WS cells, could be explained by the extreme toxicity of WRN-deficient cells to loss of RAD51function, leading to an underestimation of the actual chromosomal damage.
To verify whether loss of RAD51 and WRN function synergized when replication arrest is restricted to naturally occurring replication fork stalling sites (i.e., CFS), we expressed the SMRAD51 dominant-negative protein in WSWRN or WS cells, and analyzed cell viability after treatment with different concentrations of Aph. As shown in Figure 4C , impairment of RAD51 function in WS cells resulted in massive cell death when combined with replication perturbation at CFS, and even under normal cell growth condition. Furthermore, while in WS cells an elevated percentage of cell death was evident even at a low Aph dose, in WSWRN cells an effect was apparent only at the highest Aph concentration.
Thus, our findings imply that chromosome instability in WS cells results exacerbated by the loss of RAD51 function, culminating in massive cell death.
Accumulation of ssDNA gaps at CFS in the absence of WRN
We next investigated whether loss of WRN-dependent caretaker functions resulted in formation of MUS81-dependent DSBs under conditions disrupting replication along CFS. To do that, WSWRN, WS or missense-mutants WRN cells were treated with 0.4 µM Aph for 6 or 24 h and subjected to neutral comet assay. As a positive control, cells were exposed to 2 mM HU for 6 h, a condition that triggers DSB formation by MUS81 in WRN-deficient cells [25] . We found that Aph did not significantly increase the number of DSBs, neither in WSWRN nor in Figure 5 ), which express CFS more than the parental WS cells [13] . In contrast, DSBs were easily detected after HU treatment ( Figure 5 ). Thus, we conclude that loss of WRN-dependent function at CFS does not result in DSB formation, excluding a priori a role of MUS81 in response to replication stress induced at CFS.
Since RAD51 is essential for survival of WS cells on replication perturbation at CFS, we analyzed whether RAD51 function would affect repair of gaps left behind the stalled fork [35] . We first verified a possible accumulation of DNA gaps after replication perturbation induced at CFS. To this aim, WSWRN and WS cells were treated with Aph and analyzed at different time points by alkaline comet assay. Although neutral comet assay did not reveal enhanced formation of DSBs in WS cells, a significant and time-dependent increase over the mean tail moment of untreated cells was clearly detected in WS cells ( Figure 6A ). Since alkaline comet assay is able to detect ssDNA and DNA gaps, which are not resolved by the neutral form of this assay, our data imply that high levels of DNA gaps accumulate in WS cells under perturbed replication at CFS.
We next reasoned that, if RAD51 is required in WS cells to repair gaps left behind the perturbed forks blocked at CFS, then RAD51 foci should accumulate with time in the absence of WRN. Thus, we carried out immunofluorescence analysis of RAD51 in WSWRN or WS cells exposed to low dose of Aph for different time periods. In WSWRN cells, perturbing replication at CFS resulted in a time-dependent induction of RAD51 foci, which increased two-fold from the early to the late time point ( Figure 6B ). RAD51 foci-positive cells accumulated much more in WS cells and the induction of RAD51 foci increased three-fold from 8 to 24 h (Figure 6B ), when the main tail moment observed in the alkaline comet assay exceeded three times that of WSWRN cells ( Figure 6A) .
Altogether, these results indicate that, in WS cells, and differently from what observed after HU treatment, Aph does not lead to DSBs accumulation, suggesting that RAD51 is not essential in the repair of collapsed forks but to get rid of DNA gaps generated upon replication arrest induced at CFS.
Discussion
The processing of stalled replication forks and the accurate repair of those that are collapsed are of paramount importance to the maintenance of genome integrity of all proliferating cells. Mounting evidence indicates that WRN is associated with the recovery from replication blockage [17, 25, [36] [37] [38] [39] . Although our understanding of the precise function of WRN is not complete, previous findings demonstrate that, in response to HU-induced stalled forks, WRN deficiency leads to DSBs accumulation via a MUS81-dependent pathway to facilitate DNA replication restart [25] . In contrast to other human RecQ helicases, WRN is the sole member of the family characterized by an additional exonuclease activity [40] . Both enzymatic activities of WRN appear to be required for a correct response to replication perturbation but the biological significance and the relative contribution of each are currently elusive [20, 22] . Here, we show that both catalytic activities of WRN are necessary to prevent accumulation of MUS81-dependent DSBs after replication arrest. A concerted action of both WRN activities has been inferred from biochemical experiments in vitro [20, [41] [42] [43] . A proposed coordinated action of WRN helicase and exonuclease activities would involve the regression of blocked forks followed by trimming of the 3'-protruding end [42] . Alternatively, the two activities of WRN may act in concert or sequentially to remove D-loop structures at stalled forks [21, 44] . In both cases, it has been proposed that the action of WRN contributes to restrain unwanted RAD51-dependent recombination events at stalled forks. Since MUS81 can cleave recombination intermediates, such as HJ-like structures (e.g. regressed forks) and D-loops [45] , or process directly stalled forks, a coordinated action of WRN helicase and exonuclease activities could prevent accumulation of some MUS81, protecting forks from DSB formation. Similarly, a collaboration between WRN and another protein involved in processing intermediates at stalled forks, the exonuclease 1 (EXO1), has been reported to explain the cellular resistance to alkylation base damage [46] . In this case, WRN helicase stimulates EXO1 incision of potentially harmful DNA structures associated with MMS-induced stalled or regressed forks to allow cells survive replication stress.
Our results indicate that MUS81 may directly cleave stalled forks or intermediates that are left unprocessed in the absence of WRN. However, although MUS81 is able to cleave an intermediate formed downstream of the RAD51-dependent strand-invasion and RAD51 itself may promote fork regression [42] , the persistence of DSBs in the absence of RAD51 supports the hypothesis that MUS81 does not act downstream of RAD51. This finding is consistent with our observation that, in WS cells, HU induces RAD51 foci in a MUS81-dependent manner [25] , and would place RAD51 downstream of MUS81, as reported in yeast [47] . Recently, many human resolvases have been shown to cooperate in maintaining genome integrity under pathological conditions [48] . Since our experiments show that DSBs can be almost completely suppressed by MUS81 RNAi, it is unlikely that other resolvases contribute to DSB formation in WS cells. Whether different kind of intermediates possibly accumulating in WS cells during G2 or M phase require other resolvases for their resolution needs further investigations.
Interestingly, although earlier studies have proposed that WRN may act during recombination by resolving intermediates generated after RAD51-mediated strand exchange [16] , analysis of RAD51 focus formation and chromatin binding have shown that WS cells present an elevated accumulation of RAD51 nuclear foci, as compared with wild-type cells [25] . In the present study, we demonstrate that in response to replication fork stalling, WRN and RAD51 play non-overlapping roles. Indeed, not only suppression of MUS81-dependent DSBs but also WRN relocalization in nuclear foci after HU treatment occur independently of RAD51. Moreover, depletion of RAD51 in a WRN-deficient background greatly increases cell death after HU-induced replication arrest. Overall, these data suggest that WRN and RAD51 act in two parallel pathways upon replication arrest and, together with evidence from another group [16] , imply that WRN might carry out two discrete functions, one downstream of RAD51-recombination and the other facilitating non-recombinogenic resolution of fork stalling events. Even though our findings seem to support an anti-recombinogenic role of WRN after replication fork stalling, other groups demonstrated that overexpression of a bacterial resolvase reverts the defective recombination phenotype and limits cell death in WS cells [16] . It is worth noting, however, that overexpression of a resolvase could also reset MUS81 substrates and thus contribute to prevent activation of alternative and more error-prone mechanism before strand-invasion, rescuing WS phenotype by resetting the MUS81 substrate.
It is well-known that replication fork progression is slowed down along certain genomic regions, such as CFS. The breakage at these sites, considered as DNA regions naturally prone to fork stalling, is counteracted by the action of WRN helicase activity [13, 49, 50] . Interestingly, our findings show that, in response to replication arrest induced at CFS, loss of WRN does not determine accumulation of DSBs and, consistently, MUS81 is not required. Therefore, it is likely that, depending on where and how replication forks are stalled, WRN performs distinct functions, and, consequently, also the loss of WRN leads to different outcomes. Indeed, WRN helicase activity is sufficient to prevent chromosome breakage at CFS [13] , while both enzyme activities are necessary to avoid DNA damage accumulation when replication is disrupted genome wide. It is possible that the helicase activity of WRN is employed to unwind DNA secondary structures that accumulate during replication along CFS. This explanation resembles the proposed model for the coordinated action of WRN and Polδ in the replication of DNA substrates containing G4 tetraplex structures [51] . Accordingly, lack of WRN activity would leave unreplicated regions of DNA within CFS, leading to the appearance of chromosome breaks in mitosis. 
Perturbed replication induced at CFS
It is worth noting that, although the absence of WRN does not determine MUS81-dependent DSB formation at CFS, depletion of RAD51 sensitizes WRN-deficient cells to aphidicolin treatment. It has been proposed that RAD51 may be involved in post-replication repair of ssDNA gaps accumulating behind the fork after treatment with replication-perturbing agents [35] . We observed that loss of WRN determines accumulation of ssDNA after aphidicolin treatment, as well as increased number of RAD51 foci. It is conceivable that the elevated ssDNA accumulation and RAD51 foci formation in WS cells may reflect an extensive usage of RAD51-dependent post-replication gap repair along unreplicated CFS regions. Since RAD51 is involved in the maintenance of CFS stability in wild-type cells [47] , lack of proper execution of RAD51-dependent post-replication repair may underlie chromosomal abnormalities at CFS observed in mitotic cells. WRN helicase might limit accumulation of ssDNA gaps during replication along these regions, thus reducing chromosome abnormalities arising at CFS. Since CFS are often found rearranged in human tumors, such a protective mechanism of WRN would be especially relevant during cancer development [52] .
Altogether, our results provide new insight to the role of WRN in response to replication perturbation, and unveil two distinct mechanisms that are used by the cell to overcome the absence of WRN. In conclusion, WRN function during replication along CFS is functionally distinct from that carried out genome wide, and this contributes to our understanding of the mechanisms underlying fork stability at CFS.
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